Transmission ratio distortion (TRD) describes a significant departure from expected Mendelian inheritance ratios that is fundamental to both the biology of reproduction and statistical genetics. The relatively high fetal wastage in humans, with consequent selection of alleles in utero, makes it likely that TRD is prevalent in the human genome. The central region of the human major histocompatibility complex (MHC) is a strong TRD candidate, as it houses a number of immune and regulatory genes that may be important in pregnancy outcome. We used a nonhaplotype-based method to select 13 tagging SNPs from three central MHC candidate regions, and analysed their transmission in 380 newborns and their parents (1138 individuals). A TRD of 54:46 was noted in favour of the common allele of a promoter SNP in the CLIC1 gene (P ¼ 0.025), with a similar distortion using haplotypes across the same gene region (P ¼ 0.016). We also found evidence that markers in the CLIC1 gene region may have been subject to recent selection (Po0.001). The study illustrates the potential benefits of screening for TRD and highlights the difficulties encountered therein.
Introduction
Mendelian inheritance laws predict that each allele transmitted from parent to offspring has an equal chance of being seen in the next generation. However, reproductive events such as biased chromosomal segregation at meiosis (meiotic drive), differential viability of gametes, or divergent survival of developing embryos or fetuses, mean that this tenet may not hold true in all circumstances. In such cases, although the chance of each allele being equally represented in the subsequent generation may have been the same to begin with, the loss of alleles before they can be sampled will manifest itself as a bias in transmission from parent to surviving offspring. This deviation from expected Mendelian inheritance ratios is termed transmission ratio distortion (TRD), transmission distortion (TD) or segregation distortion (SD). TRD has been well documented in mice, 1,2 drosophila 3 and flowering plants, 4 but reports in man are somewhat fewer. It is probable, however, that distorter variants do exist across the human genome, as humans have a relatively high level of fetal wastage; speculative reports suggest that 50-75% of all human conceptions are lost before the first missed menses 5, 6 and infertility affects one in 10 couples trying to conceive. 7 The maintenance of pregnancy is partly a balance between pro-and anti-inflammatory mediators, 8 designed to prevent an excessive inflammatory response at the feto-maternal interface. The human major histocompatibility complex (MHC) on the short arm of chromosome 6 mediates much of the immune response to foreign antigens, making it a likely candidate to demonstrate TRD. Although classical (classes I and II) MHC alleles have been linked to fertility and recurrent spontaneous abortions, 9, 10 the trophoblast (that part of the placenta that interfaces mother and foetus) has not been shown to express classical molecules. 11 Together with the proposed long-range linkage disequilibrium (LD) across the MHC, 12 it is possible that associations of HLA genotypes with reproductive outcome could be the result of linked susceptibility genes. This has focused attention elsewhere in the MHC, including the central or class III region, 13 which houses a number of genes involved in both inflammatory responses and the regulation of cell-specific processes.
14 The immunological importance of the region underpins its attraction as a genetic susceptibility locus for immune, 15 autoimmune, 16 and common complex 17 disorders. Genes in the central region of the MHC are thus strong candidates to demonstrate TRD.
To date, there have been relatively few attempts to detect TRD in the human genome. We have previously demonstrated genome-wide evidence of significant TRD in humans using a linkage approach; 18 highlighting increased allele sharing in the MHC region in the same study. Most investigations of TRD, however, have been limited to fairly large genomic regions, [19] [20] [21] with only a handful providing any insight into the nature of involved variants. 22 Here we report the findings of a preliminary investigation of TRD within the central MHC, done by assessing parent-to-offspring transmissions in 380 Caucasian nuclear family trios, ascertained without regard to phenotype or disease status.
Results

Candidate regions
Three candidate regions were identified (Figure 1) . TNF/LTA. Tumour Necrosis Factor-alpha (TNF) has been implicated in pregnancy outcome, 23 and TNF levels have been linked to variation within the promoter region of the gene. 24 The Lymphotoxin-alpha (LTA) gene lies in close proximity to TNF, and is a member of the same family. Variation within the promoter region may also play a role in regulating LTA production.
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NOTCH4/PBX2. NOTCH4 (OMIM 164951 -www.ncbi. nlm.nih.gov/entrez/Omim) is a member of the NOTCH gene family, which is involved in the regulation of cell migration, vascular morphogenesis and remodelling in embryonic life. Further upstream is PBX2 (OMIM 176311), a member of a conserved gene family important in vertebrate development and body orientation. Mutations in genes central to embryonic development could contribute to in utero survival, making markers in both of these genes potential TRD candidates.
DDAH2. DDAH2 (OMIM 604744) encodes an enzyme (dimethylarginine dimethylaminohydrolase -DDAH) that competitively inhibits nitric oxide synthase (iNOS). The latter enzyme is important in host defence mechanisms and, relative to other body tissues, is highly expressed in placental tissue. 26 
SNP selection
The MHC is well known for strong LD between markers, 27 and this could have confounded our results. We therefore opted to gain some a priori information about the LD structure of the central MHC. This would allow us to determine whether our TRD candidates were in strong LD with each other and broaden our designation of a candidate region where necessary.
Haplotypes across the entire region were constructed in 32 family trios using SNPs with minor allele frequency 410% (N ¼ 34, see Methods). The resulting map of pairwise |D 0 | demonstrated that there was minimal LD between the three candidate regions (Supplementary Figure A) . There was, however, some evidence that the candidate genes chosen were in strong LD with markers in adjacent genes. We therefore broadened our candidates regions. In the LTA/TNF region we included markers from NFKBIL1, and around DDAH2, markers from the adjacent CLIC1 gene were included.
Haplotypes were then inferred across each of the new candidate regions and the greedy algorithm of the ENTROPY program 28 was used to select tagging SNPs. ENTROPY ascribes a value for the information content of each SNP, which represents the ability of each SNP to capture the diversity of the region. SNPs that add no further information are discarded and the remaining SNPs are then the tagging SNPs. For our study we selected tagging SNPs that would capture all (100%) of the haplotype diversity (entropy) present. Tagging SNPs within each candidate region are given in Table 1 . Table 2 summarizes the parent-to-offspring transmission of each SNP. The 'G' allele of CLIC1À2230 showed marginal, but significant, overtransmission from parents to offspring (P ¼ 0.025). The CLIC1 þ 3712*C allele showed a similar trend, but this did not reach significance (P ¼ 0.067). The transmission of the other SNPs tested did not differ significantly from Mendelian expectations.
Single SNP analysis
Analysis of transmission by parent-of-origin demonstrated a small bias toward paternal under-transmission for the CLIC1À2230*G allele (P ¼ 0.035), with a similar trend for the CLIC1 þ 3712*C allele (P ¼ 0.035) ( Table 3) . There was no parental transmission bias for any other SNP.
When the transmissions were further subdivided according to the sex of offspring (data not shown), significant findings were again limited to the CLIC1 region. CLIC1À2230*G showed significant distortion in transmission to females (P ¼ 0.013), but not males.
CLIC1 þ 3712*C showed significant TD to male (P ¼ 0.037), but not female offspring.
Haplotype analysis
Two SNPs in the DDAH2/CLIC1 candidate region demonstrated modest evidence of TRD. It seemed unlikely that these two observations were independent of each other, and because our SNP selection method was not entirely haplotype-dependent, we surmised that analysis of haplotype transmissions in this region might lead to a stronger association signal. In addition, this would provide a second method of analysis that might help to validate our original single-SNP findings. However, when we assessed the transmission of haplotypes in the region, there was no evidence for TRD (Table 4a) .
This result led us to consider whether in extending haplotypes outward from the SNP with the strongest association (CLIC1À2230), the association may have been broken down onto several haplotypes. We explored this hypothesis further by using a restricted haplotype approach to hone in upon the single-SNP association achieved for the CLIC1À2230 SNP (Table 4b) . In so doing, we were able to demonstrate TRD across the CLIC1 gene region (P ¼ 0.016).
Recent selection
One question that arises in any discussion of TRD is how such apparently deleterious alleles might be maintained in the population. One hypothesis is that variants exhibiting TRD may demonstrate antagonistic pleiotropy 29 -despite being deleterious in utero they are advantageous in an ex utero environment. This imposes significant selection constraints on the frequency dynamics of the SNP, as it requires two fairly common alleles to coexist. This might occur, for example, if the selection acting on either allele was fairly recent in origin. One hallmark of common alleles that have been recently selected, is consistently strong LD with distant markers, 30 and when we re-examined our original LD map with this in mind, this pattern could be seen among CLIC1 gene markers (Supplementary Figure A) . In order to evaluate this in a more formal manner, we used HAPLOSIMILARITY 31 to assess the selection signal within the region. HAPLOSIMILARITY analyses the haplotypes associated with the minor allele of each SNP, and returns a metric that reflects the relative similarity of the haplotypes (HS score) over the observed distance. This similarity is related to the ancestral haplotypic similarity (and consequent strong LD) expected of a new allele that has rapidly increased in frequency as a result of selection. HS scores thus range from approximately zero (low similarity) to one (high similarity). Using coalescent simulations with a high recombination rate and a minor allele frequency of 0.10, the method was found to have close to 80% empirical power to detect reasonably strong selective sweeps. 31 The HS score is normalized to a final nHS score using haplotypes associated with the major allele (see Methods). HAPLOSIMILARITY is thus similar to other haplotype-based tests of recent selection, the most popular of which is the long-range haplotype (LRH) test of Sabeti et al. 32 HS and nHS scores are calculated in a similar manner to the extended haplotype homozogosity (EHH) and relative EHH statistics of the LRH test, although HAPLOSIMILARITY is potentially less susceptible to genotyping or phasing errors and allows for all the SNPs in a given region to be evaluated without conditioning on allele frequency.
The estimate of haplotype similarity using HAPLOSI-MILARITY is more accurate with higher SNP densities. We therefore included SNPs with minor allele frequencies above 5% (as oppose to 10%). The resulting 50 SNPs were then used to construct haplotypes across the entire region in the original 32 families (see Methods). With the exception of DDAH2-620, HS scores for SNPs around DDAH2/CLIC1 were among the highest in the region (Figure 2a) , and nHS scores for CLIC1 þ 3712, CLIC1À2230 and CLIC1À3797 were also high in relation to surrounding SNPs (Figure 2b) . To gauge the signifi- Each numbered analysis represents the haplotype TDT analysis for a given combination of SNPs. For a given SNP alias, where the allele is shown, that allele was included in the particular SNP combination. For each analysis, from left to right across, the specific alleles represent the haplotype with the highest w 2 value (among haplotypes with frequency 45%). The corresponding haplotype frequency, and the resulting w 2 and (uncorrected) P-value are given in the final two columns.
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cance of these scores, we used the coalescent to simulate a region of 50 SNPs, similarly spaced, with a recombination rate of 1 cM/MB between SNPs. A SNP at position 12 with minor allele frequency 0.13 (mimicking the CLIC1À2230 SNP) was then simulated to evolve under neutral conditions in a sample of 128 chromosomes. This was repeated 1000 times. The HS score for CLIC1À2230 was found to be significantly different from the distribution of simulated scores (Po0.001), suggesting that CLIC1À2230 (and surrounding SNPs) may have been subject to selection in the recent past.
Discussion
We found modest evidence for TRD in the CLIC1 gene using both single SNP and measured haplotype analysis, and a similar level of evidence for the recent selection of markers in the same region. These results illustrate the utility of TRD testing and infer potential mechanisms for TRD within the MHC, while also suggesting that detecting TRD in the human genome may require larger cohorts and more inclusive methods of evaluating allelic transmission. TRD is unlikely to be an easy phenomenon to detect given the numerous interactions that occur during gamete selection and early pregnancy loss -our previous study suggested that the genetic factors involved in TRD were the result of a limited number of interacting loci, each with relatively small effects. Accordingly, only two of the 13 SNPs evaluated, demonstrated transmission ratios that were different from Mendelian expectations; a TRD of 54:46 in favour of the common variant of the CLIC1À2230 SNP with a similar trend for the nearby CLIC1 þ 3712 SNP. This level of distortion is consistent with that noted at the IGF locus, 22 and is of the order of magnitude expected from our genome-wide estimates. 18 The TRD observed appeared to be primarily paternaland off-spring-dependent, but the small numbers involved in these analyses make it difficult to assert their certainty. There are, however, reports of parent-of-origin and offspring-dependent TRD in the literature, 20 and larger studies of TRD may benefit from analyses within these sub-groups.
We found no significant TRD using haplotypes across the DDAH2/CLIC1 region, but using a restricted haplotype approach we noted increased transmission of a common haplotype limited to the CLIC1 gene. Unlike the elementary transmission disequilibrium test (TDT) of the ASPEX program, 33 transmission biases assessed using TRANSMIT 34 are based upon random variance around Mendelian expectations (rather than an absolute 50:50 expectation). Finding TRD using CLIC1 haplotypes thus adds some credibility to our original findings.
The association was also given credibility by our subsidiary analyses, which suggested that the minor variant (T) at CLIC1À2230 may have been recently selected. Given the complex and varied ancestry of the MHC, 35 this observation seems more likely to be biological than demographic (e.g. drift or population admixture) in origin, and although we can only speculate on the precise mechanisms at work, duality of the implicated polymorphism may provide a tidy explanation for the seemingly paradoxical maintenance of both alleles within the population.
The CLIC1 gene (OMIM -602872) codes for a ubiquitous intracellular chloride-ion channel -a seemingly unlikely candidate to be involved in both reproductive success and ex utero survival; we were unable to find any reports in the literature that could add further weight to our observations, e.g. selection at the CLIC1 gene level (by Ewens-Watterson or Tajima's D etc.). The strong LD of SNPs in the CLIC1 gene, however, means that our association may be the result of a marker in a neighbouring or distant gene. Extended MHC haplotypes resulting from strong LD are thought to be important to the immune response required for species survival; 36, 37 in utero such a haplotype could allow for the dampening of the immune response, while ex utero, the same haplotype would be less advantageous for immune dependent survival. In addition, it is also worthwhile considering hypotheses for TRD in the MHC that are not rooted in the immunology of pregnancy; candidate SNPs in the proinflammatory TNF/LTA region did not demonstrate TRD, and one of the most prominent examples of TRD involves distortion of sperm motility and survival in the HLA-homologous T-complex of mice. 38 Genotyping errors can result in overtransmission of the common allele, 39 and it is conceivable that the TRD we observed may have resulted from this. The true impact of genotyping error in our study is difficult to assert, although we expect this to be minimal; the frequencies of the tested SNPs were in keeping with Hardy-Weinberg expectations (see Methods), and retyping discrepancies were few, random with respect to SNP, and mostly clustered in families that would have been removed from analysis as a consequence of implied nonMendelian inheritance (as a result of non-paternity or genotyping error). A further consideration is whether some adjustment for multiple testing should have been made. The SNPs tested were not entirely independent, however, making the use of Bonferroni's correction overly conservative for a preliminary exploration such as this. A full appraisal of the statistical issues surrounding transmission testing is beyond the intended scope of this study, but in the future, the inclusion of parametric TDT models that allow for the impact of genotyping error, multiple testing, and other statistical considerations, is likely to be of benefit to TRD studies.
Despite these potential limitations, the suggestion of TRD, evident in both the single-SNP and haplotypic analyses, together with the possibility of recent selection, make the result at least interesting, and argue for further studies in the region. If the level of distortion we observed is truly representative of genome-wide TRD, then confirmation of our findings will require larger cohorts and validation across populations. In theory, this is well within reason, as assessment of TRD can easily be performed using family cohorts recruited without reference to disease status. Although there may be reservations about recruiting from a referral hospital, the ability to recruit a fairly large cohort in a simple, rapid and inexpensive manner makes this approach particularly attractive.
Despite the preliminary nature of this study, the potential benefits to both biological reproduction and statistical genetics can be seen. Variants that exhibit TRD may be involved in gamete selection and pregnancy outcome, therein enhancing our knowledge of the determinants of fertility. From a genetic viewpoint, the ability to determine background transmission ratios, which form the null hypothesis of transmission tests, 40 has substantial implications for the use of TDT statistics and the studies they accompany.
Subjects and methods
Subjects
Family trios were recruited from the Women's Centre at the John Radcliffe Hospital in Oxford after ethical approval had been obtained from the local ethical committee (COREC no. C01.059). The only predefined clinical outcome was survival to term (37-42 weeks) , and prospective parents were excluded if they were unable to fully comprehend the cover letter explaining the study. Couples with a term pregnancy were approached in early labour, on the advice of the attending midwife, or up to 1 week prior to elective caesarean section. After consent, 0.5-1 ml of blood was obtained from both parents prior to delivery or on the following day if preferred. The attending midwife collected umbilical cord blood, which was stored overnight at 41C and then placed at À201C. A total of 412 term baby families consisting of 378 complete trios were recruited. Roughly a third of all families approached declined participation, most commonly because of paternal apprehension about venepuncture. The families were fairly homogenous with respect to ethnicity -362 of the genotyped mothers and 364 of fathers self-reported their ethnicity as Caucasian.
The Women's Centre in the John Radcliffe Hospital is a tertiary referral centre, receiving around 10% of cases from smaller district hospitals, and has a 'silver star' programme of care offered to those mothers with highrisk (e.g. Pre-Eclampsia (PE) or gestational diabetes) or precious pregnancies (e.g. in-vitro-fertilization (IVF)). It was conceivable that one of these groups could (inadvertently) be over-represented in the cohort; thus the clinical make-up of the sample was assessed periodically throughout the study. None of the clinical parameters surveyed were found to be overly represented in the sample, and clinical status was not factored into our analyses.
Genotyping
Within each candidate region approximately 20 SNPs were chosen from an in-house sequencing project. In order to improve our coverage of the entire region, we added a number of publicly available markers. SNPs were initially genotyped using Matrix Assisted Lazer DeIonization Time-Of-Flight (MALDI-TOF) mass-spectrometry (Sequenom r ) 41 in 32 family trios chosen from the cohort. Those markers that were out of HardyWeinberg equilibrium (HWE, Po0.01 by w 2 ) had a failure rate greater than 20% (greater than 10% if out of HWE), or had obvious genotyping errors (e.g. all heterozygotes) were removed from further analysis. The resulting 58 SNPs then formed a bank of markers from which to conduct the study (see Supplementary Table A) .
Tagging SNPs subsequently chosen were retyped in the entire set of 380 families.
Haplotype construction
In order to determine phase at adjacent markers, the parental and offspring genotypes from the 32 families were initially analysed using PHAMILY. 28 The program also flags inheritance compatibility errors. If more than one inheritance error was detected for a given family, the offspring was removed from the analysis and parents were regarded as unrelated individuals with phase unknown genotypes. If a family was flagged for only one marker, the offspring's genotype was changed to missing at that marker.
The final set of haplotypes were inferred from the 128 PHAMILY derived chromosomes using PHASE (version 1.1). 42 Approximately 1% (47/4352) of the total genotype allocations had a phase probability less than 0.85 or ambiguous genotypes. To facilitate tagging SNP selection, haplotypes were then reconstructed in each candidate region.
Haplosimilarity
The HS statistic of HAPLOSIMILARITY uses sliding windows to assess the mean similarity of haplotypes (using the frequency of distinct haplotypes within a given window) associated with the minor allele of a given SNP. This score is then 'normalized' for the frequency of the minor allele by calculating the mean similarity of an identical number of major allele haplotypes. This step is repeated several times, each time resampling from the pool of major allele haplotypes and assessing their similarity. The mean and variance of the resulting distribution of major allele HS scores is then used to normalize the HS score of the minor allele. This process is repeated for each SNP in the region.
HAPLOSIMILARITY (including details on operating characteristics and implementation) is available for public use at www.gmap.net/marker. Analysis w 2 statistics for the single-SNP analysis were derived using a standard 2 Â 2 contingency table consisting of transmitted and nontransmitted counts for both alleles at each SNP, under the assumption that these should be equal. For ease of reading, transmission counts (Table 1) and descriptions of transmission biases are given with reference to the minor allele at each SNP (the counts for the major allele are simply the reverse of the counts in Table 1 ). w 2 statistics for the haplotype analysis were calculated in a similar manner, using transmitted and non-transmitted counts for both the test haplotype and a single group consisting of all other (non-test) haplotypes (see TRANSMIT documentation for more details). All single-SNP w 2 values are Yates corrected for one degree of freedom.
Single point non-parametric analysis was performed using the sib_TDT routine of ASPEX v1.1, 33 and haplotype transmissions were determined using TRANSMIT v2.5 34 (available at http://www-gene.cimr.cam.ac.uk/ clayton/software). ASPEX assesses transmissions from heterozygous parents, omitting missing values as needed. TRANSMIT allows for missing data in haplotype construction, but only analyses transmission in complete families (i.e. where information is only available from one parent, that family is excluded). All reported Pvalues are uncorrected for multiple tests.
Coalescent simulations were performed using SEL-SIM. 43 
